present here a combined experimental and modelling study of the ozonolysis of oleic acid 23 particles. An online mass spectrometry (MS) method, Extractive Electrospray Ionization (EESI), 24 is used to follow the composition of the aerosol at a molecular level in real time; relative changes 25 in the concentrations of both reactants and products are determined during aerosol aging. 
Introduction

38
Organic compounds comprise a significant fraction of fine aerosol particle mass in the 39 atmosphere [Murphy et al., 2006] . The chemical composition of both directly emitted, primary 40 organic particles and those formed by secondary processes is transformed continuously in the 41 atmosphere [Ziemann and Atkinson, 2012] , with contingent but poorly understood influences on 42 the Earth's climate [Boucher et al., 2013] and human health [Pope et al., 2009] . 43 Heterogeneous and in-particle reactions of organic compounds are particularly poorly 44 understood. In-particle reactivity is complicated by the strong influence of composition (aerosol 45 water content, ionic strength, organic functional group concentrations etc.) on observed reactions 46 and products [Kroll and Seinfeld, 2008] . In addition, identifying individual reaction pathways in 47 chemically complex mixtures is a difficult analytical and conceptual challenge [Noziere et al., 48 2015]. Previous studies have attempted to quantify reactive uptake to particles [Liggio and Li, 49 2006; Rudich et al., 2007] and lifetimes of marker compounds in aerosols with respect to 50 heterogeneous oxidation [Robinson et al., 2007; Zhao et al., 2014] . The thermodynamic viability 51 of some reversible accretion reactions in particles have also been assessed [Barsanti and 52 Pankow, 2005, 2006] . In general, however, there is a need for detailed studies which elucidate 53 the major products, channels and pathways of in-particle reactions as a starting point for 54 assessing their atmospheric implications. 55 This study presents a combined measurement and modelling approach to understand product 56 formation mechanisms and kinetics during the heterogeneous ozonolysis of oleic acid (OA) 57 particles. Oleic acid is a low vapor pressure unsaturated fatty acid. Fatty acids are an important 58 class of compounds in the atmosphere [Rogge et al., 1993; Mochida et al., 2002; Wang et al., 59 2006] and moreover OA aerosols have become an important test case for our understanding of 60 heterogeneous and in-particle reactions [Ziemann, 2005; Zahardis and Petrucci, 2007] . Here, analytes from aerosols to produce molecular ions with minimal fragmentation. Intensity changes 65 of reactant and product ions can be related to concentration changes in particles. 66 A few explicit or near-explicit models of organic aerosol chemistry have been described in recent 67 years [Griffiths et al., 2009; McNeill et al., 2012; Berkemeier et al., 2013; Houle et al., 2015] . 68 These provide a flexible and rigorous framework in which to test our understanding of aerosol 69 chemistry and transport phenomena, in so far as relevant physico-chemical data are available.
70
Comparison with detailed measurements is essential for model validation; their predictive ability 71 can then be used to probe experimentally inaccessible phenomena, refine uncertain parameters 72 and provide a link between experiment and larger-scale models. Here, we use the Pretty Good second charcoal denuder was employed after the reaction volumes to remove any remaining 102 ozone and gas-phase organic species. The polydisperse aerosol size distribution was monitored 103 using a scanning mobility particle sizer (TSI model 3936). A single mode was observed with a 104 geometric standard deviation of 1.8, and a typical particle mass loading of 5 mg/m 3 . To account 105 for the full aerosol volume and surface area distributions, an "effective" average particle radius, 106 r eff = 3V t /S t , was calculated [Stewart et al., 2004] . For fresh particles, r eff was determined to be 107 250 nm and was used as the particle radius in the model simulations described below. 
EESI-MS operation
117
The EESI source is described in detail by Gallimore and Kalberer [2013] . Briefly, it consists of a 118 custom-built aerosol injector and housing which is interfaced with a commercially-available The model is written in Mathematica v10 (Wolfram) and the equations integrated forward in 159 time using the NDSolve routine. For this work, uptake to a single representative aerosol particle 160 was studied. The radius was set to the effective radius of the measured aerosol distribution (r eff = 161 3V t /S t ), and the time-dependence of aerosol components simulated for an initial pure oleic acid Table S1 .
177
The products formed from secondary reactions depend critically on the fates of the CIs. A 178 particular focus of our work is to better constrain the relative rates of these CI reactions. adjusted to achieve the best fit to the measurements. We assign structures in blue to observed m/z, but 204 assume the proposed black structures (intermediates and volatile products) would not be observed. The Criegee intermediates CI-157 and CI-187 are isobaric with NA and AA but we assume that, 227 if detected, they do not make a significant contribution to the observed peak intensities due to Table   239 S2. While the very recent study of Wang et al., [2016] proposes a route to high molecular weight 240 products via CI + alkene reactions, the proposed C 27 products were not identified in our 241 measurements. The ions discussed here are listed in Table 1 
287
Where δ is the thickness of the surface film, r is the particle radius, K H,O3 is the Henry's law value when essentially all of the oleic acid had reacted.
313
These products are formed from the initial ozone-alkene reaction, either directly or via CI-314 isomerization (Figure 2(a) ). If we assume the particle-phase CI lifetime is short, we might illustrates a calculated first-order production term alongside the measurements. We ascribe 318 differences between the species, and deviation from this curve, to non-first order processes, 319 specifically oligomer formation reactions. The NA and AA data show a very similar time 320 dependence which is close to the calculated curve over most of the reaction, although some 321 differences can be seen at 40 s. This suggests that the loss processes for these species are 322 relatively small. By contrast, the relative concentration of 9-ON deviates from this first-order 323 behavior. We hypothesize that this is due to a bimolecular sink for 9-ON, such as reaction with 324 CI:
The production term is unchanged from the black curve in Figure 4 (b) and will be largest at the 327 start of the reaction. However, the loss term will increase as 9-ON builds up. On a relative 328 concentration scale, the net effect of this scenario is to make the product time series approach a 329 maximum more rapidly, consistent with the observed 9-ON profile. We quantitatively assess the Table S1 ystem, and α Table 2 . In each case, 406 the model parameters were as used as presented in Table S1 , while α O3 was adjusted to obtain a 407 good fit to the oleic acid loss measurements. In general, the model does well in reproducing these observations over a range of particle sizes 416 (~200-5000 nm) and oxidation timescales (seconds-10s of minutes) using the same diffusion and 417 reaction parameters as before. Figure 6( OA particles with a sodium chloride "core" particle in the optical trap. Given the combined 437 experimental uncertainty, and possible systematic differences in particle properties, we consider 438 the agreement is very encouraging.
439
In addition to oleic acid loss from particles, we investigated the particle evaporation behavior was used again here, and gas-particle partitioning coefficients for oleic acid and each of the C 9 442 products were calculated according to their saturation vapor pressures (Table S1 ). Dimer 443 products were assumed to be non-volatile.
444
The model captures the observed size changes over both short and long time scales. The small 445 initial increase in volume (Figure 6(d) ), corresponding to only a few nanometers in radius, is 446 explained in the model by the formation of volatile products, particularly nonanal, whose initial 447 evaporation rate from the particle is lower than its production rate. The consequence is an initial 448 build-up of particle-phase nonanal followed by evaporation on longer time scales (Figure 6(e) ). was used in the model, which also leads to the gradual evaporation of 463 nonanoic acid and 9-oxononanoic acid on long timescales after the OA was consumed. considered to indicate the possible slow relaxation in a concentration gradient within the particle 473 or a restructuring in particle morphology.
474
The magnitude of the modelled and measured evaporative losses are comparable over the course would reconcile these differences. 480 We revisit the ozonolysis mechanism to interpret some of the kinetic parameters derived from In such a scenario, the CI encounters a high effective aldehyde concentration immediately, 489 whereas other bimolecular reactions require CI reorientation and diffusion. This is a plausible 490 explanation for the much larger 9-ON sink (k c ) than for the other C 9 products (k b ). However, CI 491 escape must occur to some extent, to explain the latter hydroperoxide products and also 492 secondary ozonides produced by cross reactions from two ozonolysis events, such as m/z 359.
493
The slow evaporation of nonanal, represented in the model by a small mass accommodation 494 coefficient, could also be a consequence of restricted escape from such a "caged" geometry. reactant and product ions in the EESI mass spectra.
532
A process-level model was used to interpret these measurements and complementary 533 observations from previous studies. Differences in the measured appearance rates of ozonolysis 534 products were used to constrain the relative rates of secondary reactions in the particles. We 535 concluded that the lifetime of Criegee intermediates in the particle was short with respect to 536 isomerization, but that a significant sink for CIs may involve secondary ozonide formation 537 through reaction with the aldehyde group of 9-ON. The reaction between oleic acid and ozone 538 was found to occur in a near-surface layer, in good agreement with experimental studies.
539
Model performance was further assessed by comparison to other studies with large differences in 540 timescales, ozone concentrations and particle sizes. 
